Background. Compromised tissue oxygenation is one of the root causes of dysfunction of various organs and postoperative complications. Oxygenation of different tissue beds may follow different patterns of change during physiological derangement. Methods. Patients undergoing elective major posterior spine surgery participated in this prospective observational study. Cerebral tissue oxygen saturation (SctO 2 ) was monitored on the upper forehead and muscular tissue oxygen saturation (SmtO 2 ) on the lower leg. The associations of various oxygenation indices with postoperative composite complications and length of hospital stay (LOH) were investigated. Results. The number of composite complications per patient was 3 (2) while the LOH was 6 (3) days (n ¼ 102). Multiple SmtO 2 indices (maximum, minimum, mean, median, and area under curve (AUC)) were associated with composite complications (univariate analysis, P < 0.05). No SctO 2 indices were associated with complications. Multiple SmtO 2 indices (maximum, mean, median, and AUC) showed differences (P < 0.05) between patients with composite complications 3 and >3, respectively. SmtO 2 standard deviation, AUC, and AUC weighted, and SctO 2 standard deviation, were associated with LOH (univariate analysis, P < 0.05). Two SmtO 2 indices (AUC and AUC weighted), showed differences (P < 0.05) between the patients with an LOH 6 and >6 days, respectively. SmtO 2 , but not SctO 2 , indices improved the adjusted R 2 for composite complications
The constant utilization of oxygen by a live tissue bed requires continuous and sufficient delivery of oxygen to meet the metabolic demand. Tissue oxygenation describes the balance between the rates of oxygen consumption and supply in a specific tissue bed. Compromised oxygenation is the result of mismatching between tissue oxygen consumption and supply, which can cause organ dysfunction and perioperative morbidity and mortality. Real-time tissue oxygenation monitoring during high-risk surgery facilitates timely detection and rectification of a compromised tissue oxygenation, before the emergence of an adverse consequence. However, the first question is the oxygenation of which tissue bed, as there are many, is worthy of being monitoring during major surgeries.
The advent of tissue oximetry based on near-infrared spectroscopy enables non-invasive, continuous and bedside monitoring of the haemoglobin oxygen saturation in mixed arteriolar, capillary and venular blood in the tissue bed being probed. 1 2 The modern tissue oximeter can monitor distinctive tissue beds depending on the location of the probe being applied. Cerebral tissue oxygen saturation (SctO 2 ) is measured when the probe is placed on the upper forehead; while muscular tissue oxygen saturation (SmtO 2 ) is measured when the probe is positioned peripherally with a muscle mass underneath. 3 4 Different tissue beds have different schemes of oxygen consumption and supply, and distinctive compensating ability for ischaemia and hypoxia. It is possible that the same insult exerts distinctive impacts on oxygenation of different tissue beds. The tissue bed that provides the most valuable information in relation to patient outcome should be prioritized for oxygenation monitoring. At present, how the oxygenation of different tissue beds (e.g. SctO 2 vs SmtO 2) , is associated with patient outcome after major surgeries has not been reported. The aim of this prospective observational study is to compare the associations of SctO 2 vs SmtO 2 with postoperative complications and length of hospital stay (LOH) in patients undergoing major spine surgery. We chose spine surgery owing to the fact that major spine surgery involving osteotomy and multi-segment fusion can incur large blood loss and require intraoperative transfusion, which may adversely affect tissue oxygenation and necessitate a prolonged hospitalization. The hypothesis was that SmtO 2 has a better association with patient outcome because, when SmtO 2 is deranged by various intraoperative insults, SctO 2 may remain stable owing to the robust autoregulation of cerebral blood flow.
Methods
This is a prospective observational single-cohort study. The study was approved by the Institutional Review Board for Clinical Investigations at the University of California San Francisco, San Francisco, California, USA. Both verbal and written informed consents were obtained from the patient before surgery.
Patients
Patients who were undergoing elective posterior lumbar or thoracolumbar spine surgery in a prone position and with the potential for osteotomy and multi-segment fusion were recruited. Our goal was to recruit 100 patients in this study, because the previous studies investigating the association between SctO 2 and postoperative outcome had about 100 patients in whom either monitoring only or monitor-guided care was implemented. [5] [6] [7] [8] The exclusion criteria were: 1) patient refusal; 2) emergent surgery; 3) age <18 yr old; 4) ASA physical status score > III; 5) skin condition precluding the application of the oximetry probe.
Anaesthesia
The administration of premedications such as midazolam, fentanyl, gabapentin, and oxycodone was at the discretion of the anaesthetist. In the operating room, following the establishment of standard monitoring including ECG, pulse oximetry, and non-invasive bp, anaesthesia was induced using i.v. lidocaine, fentanyl and propofol and a tracheal tube was placed with the facilitation of either succinylcholine or rocuronium. A radial arterial catheter was placed for continuous bp monitoring after tracheal intubation. All patients received neurophysiological monitoring including motor and somatosensory-evoked potentials and electromusculography. Anaesthesia was typically maintained using i.v. infusion of propofol, fentanyl, lidocaine and ketamine with or without a volatile anaesthetic agent at a low minimum alveolar concentration. Bp was typically maintained using phenylephrine infusion. Tranexamic acid was used in some patients when large amount of blood loss was anticipated. Cell salvaging was available in all patients.
Tissue oxygenation monitoring
Tissue oxygenation was monitored using a tissue oximeter based on near-infrared spectroscopy (FORE-SIGHT Elite, CASMED, Inc., Branford, Connecticut, USA). The oximeter had four cables with each cable connected to an adhesive probe. Two probes were placed on the upper forehead to monitor the left and right frontal lobe SctO 2 , respectively. Another two probes were placed on the lower legs, four fingers below the tibial tuberosity and two fingers lateral to the anterior edge of the tibial shaft, to monitor the SmtO 2 of the left and right lower leg, respectively. All four probes were placed on the patient after tracheal intubation. The monitoring and data recording were started after the patient was turned to prone position and stopped at the time when the procedure was done. The monitor was positioned at the back of anaesthesia machine and blinded to the anaesthesia team. The tissue oximeter generated a new data point every two s that was continuously recorded by a research computer. The median data of SctO 2 and SmtO 2 within each min were used for tissue oxygenation indices derivation. Seven indices of tissue oxygenation were derived that include the maximum, minimum, mean, median, standard deviation, area under curve (AUC), and AUC weighted. AUC was the sum of the differences
Editors key points
• Inadequate tissue oxygenation is a potential cause of postoperative complications.
• Near-infrared spectroscopy can be used to assess the balance at tissue level between oxygen supply and demand.
• The authors studied associations between muscle and brain tissue oxygenation, and outcome after major spinal surgery.
• Muscle tissue oxygenation indices were weakly associated with postoperative complications and hospital length of stay.
between the mean and the data point of every min that was less than the mean. AUC weighted was the AUC divided by the time of recording. For each index, SctO 2 and SmtO 2 were treated independently.
Clinical covariates
Patient characteristics including age, sex, weight, height, and ASA physical status score were collected. Past medical history including diagnosis of hypertension, diabetes mellitus, peripheral vascular disease, cerebrovascular disease, coronary artery disease, chronic lung disease, and chronic kidney disease were recorded. Surgical information that were recorded were history of previous spine surgery, fusion or not, number of segments, and surgical time. The anaesthetic agents, nonanaesthetic drugs, the input and output during surgery were also recorded.
Postoperative outcomes
The primary outcome measures were postoperative composite complications and LOH. All complications were identified based on chart review of the electronic medical records at the University of California San Francisco. Information of intensive care unit (ICU) admission and length of ICU stay were also recorded.
Statistical analysis
As the outcome variables (composite complications and LOH) are count data and skewed, we used log transformation to reduce the skewness. It is well known that linear regression with log-transformed dependent variables is an alternative to Poisson regression and they often give similar results. We chose linear regression with log-transformation as it can provide R 2 , which provides the percentage of variance in the dependent variable that can be explained by one or a set of independent variables. Constant 1 was added before taking log for the variable of composite complications because its minimum is zero. The association between each outcome variable and each clinical covariate or oxygenation index was first tested using linear regression with Student's t-test for continuous variables and two-sample Student's t-test for binary variables. The next analysis examined the contribution of oxygenation indices, in addition to clinical covariates, to each outcome measure using multiple linear regression. The selection of clinical covariates was based on both clinical significance (i.e. the results of univariate analysis and clinical experience) and the avoidance of collinearity. To avoid collinearity (i.e. the presence of highly correlated independent variables), for each cluster of highly correlated set of variables, we only used one variable to represent the set. For example, as the amount of packed red blood cells, the amount of fresh frozen plasma, the amount of cell saver blood, and the estimated blood loss were highly correlated, we only included the packed red blood cells in the multiple regressions. The clinical covariates that were included in analysis were age, ASA score, packed red blood cells, usage of phenylephrine, vasopressin, and epinephrine, surgical time, number of spinal segments being fused, and history of chronic kidney disease. The contribution of oxygenation indices was quantified by comparing the multiple R 2 and the adjusted R 2 between two multiple regression models. , with oxygenation indices excluded and included, respectively, were compared to evaluate the improvement of the model fitting by oxygenation indices. SctO 2 and SmtO 2 were treated independently in multiple linear models.
Based on the averages of postoperative composite complications ($3) and LOH ($6 days), the patients were stratified into two groups using the criteria of having a total of 3 or > 3 postoperative complications or being hospitalized 6 or > 6 days, respectively. We tested if the patient characteristics, clinical covariates and oxygenation indices were significantly different between the binary strata. The binary strata based on composite complications or LOH were examined separately. The means of the continuous variables were compared using the Student's ttest. The proportions of the binary variables were compared using the v 2 test.
P value < 0.05 was regarded as statistically significant.
Results
A total of 108 patients participated in the study. Six patients were excluded from the analysis because of the arm instead of the leg location of SmtO 2 monitoring (n ¼ 5) and cervical, rather than lumbar or thoracolumbar, spinal fusion (n ¼ 1). The patient characteristics, past medical history, surgical information, tissue oxygenation indices, anaesthetic agents, non-anaesthetic drugs, intraoperative input and output, and outcomes of the remaining 102 patients are summarized in Table 1 . None of SctO 2 indices were significantly associated with postoperative composite complications based on univariate analysis ( Table 2 ) and none of the SctO 2 indices showed significant difference between the binary strata with composite complications 3 and > 3, respectively (Table 3 ). In contrast, multiple SmtO 2 indices (maximum, minimum, mean, median, and AUC) were significantly associated with postoperative composite complications based on univariate analysis (Table 2 ) and multiple SmtO 2 indices (maximum, mean, median, and AUC) showed significant difference between the binary strata with composite complications 3 and > 3, respectively (Table 3) . Of interest, the values of all SmtO 2 indices, especially the maximum, mean and median, were higher in patients with more postoperative complications than less (composite complications > 3 vs. 3, Table 3 and Fig. 1 ).
Among all SctO 2 indices, only the standard deviation was significantly associated with LOH based on univariate analysis ( Table 2 ) and none of the SctO 2 indices showed significant difference between the binary strata with an LOH 6 and > 6 days, respectively (Table 4 ). In contrast, multiple SmtO 2 indices (standard deviation, AUC and AUC weighted) were significantly associated with LOH based on univariate analysis (Table 2) and two SmtO 2 indices (AUC and AUC weighted) showed significant difference between the binary strata with an LOH 6 and > 6 days, respectively ( Table 4 ). The mean of SmtO 2 was not significantly different between patients with LOH 6 and > 6 days, respectively (Table 4 and Fig. 2 to the inclusion of muscular tissue oxygenation in the fitting model (multiple linear models) were illustrated (Fig. 3) . 
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Discussion
This prospective observational study showed that muscular tissue oxygenation has a stronger association with postoperative complications and length of hospital stay than cerebral tissue oxygenation, in patients undergoing major posterior spine surgery. Cerebral tissue oxygenation has weak, if any, association with these outcome measures.
Maintenance of tissue oxygenation is one of the prerequisites of the proper function of any organ. Tissue hypoxia, depending on the severity and duration, can cause organ dysfunction and increase morbidity and mortality. 9 Tissue oxygenation is essentially determined by the rates of tissue oxygen consumption and supply, with the supply primarily determined by organ perfusion and arterial blood oxygen content. In anaesthetized patients undergoing major surgeries, tissue oxygenation of different organs may have distinctive patterns of change as a result of different responses to variations in, but not limited to, anaesthetic depth, cardiac output, arterial bp, haemoglobin, and arterial blood carbon dioxide tension. It is illustrated by the fact that anaesthetic agents such as isoflurane and propofol have a profound dose-dependent suppressive effect on cerebral metabolic rate of oxygen. 10 11 In contrast, the effect of anaesthetic agents on muscular metabolic rate of oxygen is likely minimal, even though direct evidence is lacking. The complexity of tissue oxygenation can be further demonstrated by the fact that different organs have different tolerance for ischaemia and hypoxia. The muscle can tolerate one to two h of ischaemia without clinically overt injury, 12 while the brain can be permanently injured even if ischaemia only lasts for a few min. As a vital organ, the brain is prioritized during haemodynamic derangement. For instance, the acute decrease of cardiac output leads to a parallel decrease of muscular perfusion in a comparable magnitude; in comparison, the decrease of cerebral perfusion is only about one third of that of cardiac output. 13 Taken together, tissue oxygenation of different organs may follow different patterns of change during major surgeries because of the distinctive schemes of oxygen consumption, supply, and regulation in the face of various insults. The goal of monitoring is to facilitate clinical decisionmaking and improve patient outcome. It is important to understand how the monitoring correlates with the outcome that matters to patients. It was shown in cardiac surgical patients that SctO 2 is associated with outcomes including stroke, 14 delirium, 15 neurocognition, 5 7 8 major organ dysfunction, 6 length of hospital stay, 7 and mortality in both adult 16 and pediatric 17 patients. Reduced SctO 2 is associated with cognitive dysfunction in patients undergoing thoracic surgery with one-lung ventilation. 18 Improved SctO 2 is associated with a better cognitive function and shorter post-anaesthesia care unit and hospital stay in patients undergoing non-cardiothoracic surgeries. 19 20 In contrast, research on the association between SmtO 2 and clinical outcome is relatively new. It was shown that SmtO 2 monitored on the thenar eminence is associated with a composite of major complications and mortality after major non-cardiac surgery, 21 and probability of successfully weaning from mechanical ventilation. 22 23 SmtO 2 monitored on brachioradialis muscle is associated with the mortality in patients with communityacquired pneumonia. 24 It has also been shown that the thenar SmtO 2 is able to significantly improve the predictive value of Simplified Acute Physiology Score II and Sequential Organ Failure Assessment scores in septic shock patients. 25 In patients undergoing open urological surgery, significant associations between thenar SmtO 2 and haemoglobin concentration, central venous oxygen saturation and high risk level were demonstrated. 26 However, the care guided by thenar SmtO 2 monitoring failed in improving patient outcome in a pilot small-scale randomized controlled trial (n ¼ 25 in both intervention and control groups). 27 Taken together, the available evidence shows that tissue oxygenation, monitored at either a central or a peripheral location, is associated with various clinical variables depending on the patient population being studied. Still, the fundamental question is whether the care guided by tissue oxygenation monitoring, SctO 2 or SmtO 2 , can provide the patient with a beneficial outcome. Spine surgery with osteotomy and multi-segment fusion is a major complication-prone procedure. 28 Massive haemorrhage and transfusion of red blood cell, fresh frozen plasma, platelet, cryoprecipitate, and cell saver blood pose a serious threat to haemodynamic stability, adequacy of organ perfusion, and tissue oxygen delivery in complicated major spine surgeries. 28 29 Therefore, tissue oxygenation monitoring during major spine surgery may offer valuable information, facilitate clinical decision-making, and improve patient outcome. The only study that investigated the impact of tissue oxygenation monitoring 
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Tissue oxygenation and postoperative outcome | 557 on outcome in spine surgery, concluded that SctO 2 -guided care reduces the probability of cognitive deficiency after lumbar spine surgery in prone position. 30 However, this study had only 13 patients and did not monitor SmtO 2 . In contrast, our study had a larger scale, incorporated both SctO 2 and SmtO 2 monitoring, and used different outcome measures. This study has limitations. It is a single-cohort observational study. Therefore, the causal effect of tissue oxygenation on patient outcome cannot be determined. Whether there are effective interventions to restore the deranged SmtO 2 and whether the care guided by SmtO 2 monitoring, in comparison to the care guided by SctO 2 monitoring, can improve patient outcome cannot be determined by this study. The outcomes of postoperative composite complications and length of hospital stay have multiple determinants. It is likely that some outcome determinants were not included in this study. Therefore, there is a chance that the multiple linear models may have overestimated the associative value of tissue oxygenation with the outcomes being investigated in this study. There is also a chance that the association between SctO 2 and patient outcome may be underestimated because of the small sample size of this study. The pre-induction value of tissue oxygenation is frequently used as a reference for diagnostic and therapeutic purposes; however, it was not obtained in this study. Therefore, the intraoperative 
Tissue oxygenation and postoperative outcome | 559 tissue oxygenation change was not referenced to this baseline value in this study. In addition, the observation that the patients with more postoperative complications seem having a higher SmtO 2 value than those with less postoperative complications is interesting. However, whether this is a true pattern and what the clinical implications are remain to be determined. In this study, the SmtO 2 was measured in the lower leg, which is different to the previous studies which used the arm, especially the thenar muscle, for SmtO 2 measurement. We chose the lower leg owing to the fact that the thenar muscle and the area adjacent to it were used for evoked potential monitoring in our patients. The constant stimulation and muscle twitches would have interfered with the oximetry monitoring. In addition, we hypothesized that there may be a likelihood for the tissue bed that is far from the heart to be more affected by compromised haemodynamics than the tissue bed that is close to the heart. Intuitively, a tissue bed that has the least priority, or the first one to be sacrificed during haemodynamic instability may have a better association with the overall outcome (i.e. more sensitive). All patients in our study were in a prone position, which may lead to venous pooling and is often accompanied by oedema formation in the dependent parts of the body including the forehead, which are two factors that may influence SctO 2 measurements. This limitation needs to be recognized even though the modern cerebral oximetry has incorporated measures to reduce the contamination by the extracranial tissue layers and the compression of the forehead by the foam supporting head frame may actually reduce the extent of the position-related blood pooling and oedema formation. Other limitations are that the sample size was not pre-determined before the study and the technology we used in this study (FORE-SIGHT Elite, CASMED) is different to that in the previous studies (INVOS, Covidien/Medtronic). The technological differences, including the severity of the extracranial contamination, 31 could have contributed to the different findings between this study and the previous studies. 5-8 14-20 In summary, intraoperative muscular tissue oxygen saturation has a stronger association with postoperative complications and length of hospital stay than cerebral tissue oxygen saturation after major posterior spine surgery. Cerebral tissue oxygenation has weak, if any, association with these outcome measures in this patient population. Whether the care guided by SmtO 2 monitoring can improve patient outcome needs to be addressed by randomized controlled trials. 
